Polarisation of tissues in the plane of an epithelium is fundamental for both animal morphogenesis and organ function. A new paper describes a role for mechanical cues in determining how such polarity is aligned with the body axes.
Planar polarity can readily be observed in many epithelia -an obvious example being the hairs that emerge from the mammalian skin. Notably, in addition to individual cells being polarised, the polarity of cells must also be coordinated with each other and with the overall axes of the tissue. Much attention has been focused on understanding how secreted molecules such as morphogens might affect the global orientation of polarised structures. However, there is increasing evidence that mechanical cues can also play this role. A new paper by Chien et al. [1] in this issue of Current Biology now provides evidence that mechanical strain caused by gastrulation movements can organise the polarisation of the multiciliated cells of the Xenopus epidermis.
Multiple pathways have been identified that mediate the planar polarisation of different tissues, but the most wellcharacterised is the core planar polarity pathway, which in turn has been most well-studied in the Drosophila wing. Here, the core planar polarity pathway specifies the formation of polarised actin-rich trichomes that emerge from the distal end of wing blade cells. The core planar polarity proteins (hereafter referred to as 'core proteins') are now also known to regulate polarity in many vertebrate tissues, again most obviously by polarising structures that arise from individual cells, such as primary cilia or the stereocilia of the sensory cells of the cochlea. This production of polarised structures is a downstream consequence of the asymmetric localisation of the core proteins to opposite cell edges, which allows them to form intercellular complexes that mediate the local coordination of polarity [2, 3] . In the fly wing, core protein asymmetry is preceded by the polarised alignment of apical microtubules, which is a possible mechanism for biasing transport of core proteins to one cell edge [4, 5] ( Figure 1A,B) .
In multiciliated cells, cilia form clusters on the surface of these cells, where they beat in a coordinated fashion and direct fluid flow. Examples of this are the multiciliated cells of the vertebrate airway, brain and oviducts, which propel mucus, cerebrospinal fluid or ova, respectively. Loss of core protein function can cause cilia within individual cells to point in random directions or can disrupt cell-cell coordination of polarity [6] . Furthermore, asymmetric localisation of core proteins has been observed in each of these three tissues [7] [8] [9] (Figure 1C) .
The core proteins have also been shown to regulate polarisation of the multiciliated cells of the Xenopus skin [10, 11] , which produce a fluid flow that is oriented from anterior to posterior. Transplantation experiments suggest that planar orientation is established by the end of gastrulation [10] , and that the multiciliated cells, which differentiate and intercalate into the epithelium later in development, gain polarity from cues established in the epithelium itself. However, the mechanism by which ciliary polarity is coordinated with the overall tissue axis is unknown, and further understanding has been hampered by a lack of knowledge regarding the behaviour and localisation of the core proteins in this context. In a recent study Butler and Wallingford [12] have observed asymmetric localisation of core proteins in both multiciliated cells and the intervening cells, at the time of multiciliated cell differentiation and ciliogenesis ( Figure 1C ). In the new work from Chien et al. [1] , they have looked earlier in development and they do not see any obvious asymmetric localisation of core proteins. However, they take advantage of the observation that core protein asymmetry in the fly wing is accompanied by clustering of core proteins into membrane puncta [13] . Core proteins within these puncta are more stable than core proteins in other regions of the cell-cell junctions, as measured by fluorescence recovery after photobleaching (FRAP). Using similar FRAP assays Chien et al. [1] show increased stability of core proteins on junctions orthogonal to the anteriorposterior (AP) axis. Notably, this increased stability is not seen in stage 10 embryos, at the start of gastrulation, but is evident in stage 12 -i.e. gastrulating -embryos and persists at least until multiciliated cells insert into the mucociliary epithelium. Furthermore, as in the fly wing, apical microtubules align along the AP axis.
If ectodermal explants are taken from pre-gastrula embryos, an increased stable fraction is not observed by stage 12, suggesting that some event during gastrulation is necessary for cells to acquire polarised core protein stability. Interestingly, if these explants are grown for longer periods, increased stability of core proteins is seen at some junctions, but these junctions are not coherently aligned [1] . This is reminiscent of studies in the Drosophila wing and in cultured mouse tracheal epithelial cells showing that core proteins eventually self-organise in the absence of a global cue [9, 14] .
Strong ciliary flow is still evident in ventralised embryos, in which most major organising centres have been removed and axial patterning is disrupted. In these embryos, the extent of gastrulation varies along the animal-vegetal axis, and this correlates with increased cell elongation -indicative of increased strain -near the blastopore. In this region, cilia are better oriented and increased stability of core proteins on orthogonal junctions is observed, together with better microtubule alignment [1] .
These results are consistent with the idea that mechanical strain produced by gastrulation influences core protein asymmetry ( Figure 1D ). Chien et al. [1] then subject this theory to two further tests. First, they take ectodermal explants prior to gastrulation and artificially induce strain by sucking them into a capillary. Notably, the tissue acquires a planar axis, with aligned microtubules and stable core protein complexes. Second, they show that subjecting embryos to exogenous strain can cause a re-orientation of cilia and of fluid flow.
The ability of mechanical stress to orient planar polarity is not without precedent. Mechanical force caused by retraction of the hinge region in the fly wing has previously been suggested to affect the orientation of core protein asymmetry. In the early pupal wing, the asymmetric localisation of the core proteins is initially in a radial pattern, facing towards the wing margin. Wing-hinge retraction then causes a re-organisation of core protein asymmetry along the proximodistal axis [15] . Recent work has shown that this retraction is accompanied by anchoring of the wing edges to the overlying cuticle by the extracellular matrix protein Dumpy [16, 17] . Thus, cells are subjected to proximodistally directed mechanical stress, which leads to cell-shape changes and cell rearrangements ( Figure 1E ). However, in this case, polarity is already established, and thus the mechanical forces serve to re-orient an existing polarity. In the Xenopus skin, no preexisting polarity has been observed, and mechanical forces appear to establish polarity de novo. Furthermore, whilst mechanical force can direct the axis of polarity, it is not clear how the direction of polarity is determined. This could occur through differential strain at different ends of the tissue, or additional cues may be required.
More generally, mechanical forces in the form of fluid flow have previously been shown to cooperate with the core proteins in orienting polarised structures. In the Xenopus skin, asymmetric localisation of core proteins does not appear to be sufficient for the precise polarisation of cilia. When cilia first emerge, the core proteins mediate a posterior bias in cilia position. However, polarity is quite variable and is refined over time, a process dependent on ciliary function and fluid flow. Furthermore, shear stress caused by exogenous fluid flow can re-orient cilia [18] . In contrast, when cilia first form in the ependymal cells of the brain, they appear to lack polarity, although asymmetric localisation of core proteins is evident. Subsequently, cilia become aligned through a process that appears to require both cerebrospinal fluid flow and core protein function acting in concert [7] .
These studies reveal roles for mechanical forces both upstream and downstream of asymmetry of core protein localisation, and demonstrate the remarkable diversity in how these different cues can interact to polarise tissues. In the Xenopus epidermis, tissues are subjected to a directional mechanical strain caused by cell rearrangements, and the core pathway apparently acts as a molecular mechanism to read this information by localising to align with the mechanical cue. In other contexts, it appears that morphogens might initially orient the core proteins, but this then serves as a mechanism to polarise cilia. Ciliary beating can then generate mechanical forces, which in turn can play their own roles in defining or refining cell polarity. It will be interesting to see in what other contexts this reciprocal interaction between mechanical forces and planar polarity plays an important role.
Three recent studies have significantly advanced our understanding of the highly conserved central complex of the insect brain, showing how it provides an internal representation of body orientation, encodes behaviorally relevant sensory cues, and at the same time controls motor actions.
You have to know which direction you are facing to decide where to go next. This is true for us when we stare at a topographical map, trying to spot the unmarked trail to that mountain lake, only to realize that our compass is hiding way back in the glove compartment of the car. It is also true for our six-legged friends: the tiny fruit fly that, within minutes, pinpoints the glass of Sauvignon Blanc in the middle of your apartment; the bulky dung-beetle that, tank-like, rolls its favorite poo-ball in a straight line across the African savanna, slow, steady, backwards, eyes fixed on the sky; and the sleek cockroach that well, who knows what roaches do, but they certainly do it speedily, with determination. But how do insects know the direction they are facing? And how do they then select the direction into which to move next? The answers lie in their brain; as yet we do not know what they are, but significant progress has been made by three recent studies [1] [2] [3] . Seelig and Jayaraman [1] have tracked down the fly's sense of direction to a defined brain area; el Jundi et al. [2] have uncovered how the same brain area keeps dung beetles robustly oriented to maintain a straight course; and, as reported in this issue of Current Biology, Martin et al. [3] have revealed how this region governs the next move of a cockroach. All three papers combined behavioral experiments with functional studies of a highly conserved region of the insect brain, the 'central
